Abstract This paper describes a conceptual design study for the circuit configuration of the Error Field Correction Coil (EFCC) power supply (PS) to maximize the expected performance with reasonable cost in JT-60SA. The EFCC consists of eighteen sector coils installed inside the vacuum vessel, six in the toroidal direction and three in the poloidal direction, each one rated for 30 kA-turn. As a result, star point connection is proposed for each group of six EFCC coils installed cyclically in the toroidal direction for decoupling with poloidal field coils. In addition, a six phase inverter which is capable of controlling each phase current was chosen as PS topology to ensure higher flexibility of operation with reasonable cost.
Introduction
To realize high performance plasmas in tokamak devices, the error field correction is one of the important technical issues. The error field is defined here as unnecessary magnetic field caused by manufacture error of the coil, misalignment in installation of the coil such as tilt, stray field from the cancellation coil of Neutral Beam Injector (NBI) neutralizer cell, and the current feeder. So, the error field is the result of unexpected and unavoidable non-axisymmetric magnetic field components in the plasma region inside the vacuum vessel. Since the presence of error field may cause locked mode or degradation of energy confinement of plasmas, installation of an Error Field Correction Coil (EFCC) is planned in JT-60SA [1] as well as ITER [2] . Similar coils are installed and under operation in many fusion devices all over the world [3, 4] . They are usually aimed to produce a low order magnetic field less than m/n = 3/2 at plasma surface. In the case of JT-60SA, an EFCC will be realized by 18 normal conductor sector coils in total, 6 arranged in the toroidal direction and 3 in the poloidal direction, to be installed inside the vacuum vessel [5, 6] . In this paper, the basic circuit configuration of JT-60SA EFCC power supply (PS) is discussed at first. Secondly, a design example of the EFCC PS is presented using the 6 phase (multi-phase) inverter. The merit and demerit are discussed from various technical view points and limitations. Finally a short conclusion will be given.
Requirement of EFCC PS
The major components of magnetic error field come from the manufacture error and misalignment of superconducting magnets of both toroidal and poloidal field coils. In addition, the ferromagnetic materials for magnetic shielding of ion source and the stray field of cancellation coil from the neutralizer cell of NBI have to be taken into account. Considering the possible sources of the error field, its field strength was evaluated to be of the order of several gausses [5, 7] . On the other hand, the changing rate of error field is of the order of several seconds except plasma initiation phase, because the error field is basically proportional to the poloidal field coil current. This means that a slow current control is sufficient for the JT-60SA EFCC power supply.
The installation place of an EFCC has a big impact on the power supply capacity because the required ampere-turn of the EFCC increases with increasing distance to the plasma surface. The candidate places are (a) space close to vacuum vessel, (b) space around the superconducting toroidal and/or poloidal field coil, (c) space close to the cryostat. Each place has merit and demerit as summarized in Table 1 . In principle, a larger amount of ampere-turns requires larger capacity of power supply, so that the most expensive case is (c). Conversely, the most cost effective case is (a), though the available space will be very narrow. Many design studies have also been carried out from other technical view points such as ease of assembly, accessibility for maintenance, transportation and so on. As a result, Higher accessibility Large Ampere-Turn the installation place was defined inside the vacuum vessel, behind the external surface of the stabilizing plates. Fig. 1 shows a bird's-eye view of the EFCC in JT-60SA. The EFCC of JT-60SA consists of 6 coils in the toroidal direction and 3 coils in the poloidal direction. The total ampere-turn is 30 kA-turn for each coil. Top and bottom coils have a smaller cross section compared to the middle ones, and they are symmetrically distributed in the toroidal direction. The cyclic symmetry is slightly lost in the middle coils due to the presence of tangential ports of the vacuum vessel. Table 2 is the summary of requirements on JT-60SA EFCC PS. Since the time constant of the EFCC is ∼0.1 s and the required current swing capability is about 1 Hz, a large forcing voltage is not necessary if the effect of induced current is negligible. 
Individual power supply
The simplest circuit configuration consists of conventional thyristor converters connected in anti-parallel for each sector coil, as shown in Fig. 2 . The converter output voltage will be greater than ∼200 V to compensate for the coil resistive voltage drop of ∼100 V at nominal current and the induced voltage of ∼100 V from Fast Plasma Position Control Coil (FPPCC, two in-vessel poloidal field coils with smaller Ampere-Turn to produce mainly horizontal field). The induced voltage of the EFCC could be compensated for by the thyristor converter, because the FPPCC power supply also consists of a conventional thyristor converter and therefore the dynamic performances of the two systems are comparable. In general, the merit of this type of power supply configuration is the cost effectiveness in comparison to the Pulse Width Modulation (PWM) converter using an Insulated Gate Bipolar Transistor (IGBT). Furthermore, the complete independence of the current control for each EFCC is one of its attractive characteristics. However, circuit optimization was carried out to improve the actual exploitation of transformers and to rationalize the installed power as follows. 
Countermeasure to induced voltage
About half of the output voltage rating is reserved to compensate the induced voltage from the FPPCC in the former case. Therefore the possibility of canceling the induced voltage by means of circuit configuration represents a major optimization of the system. Fig. 3(a) shows one of the possible solutions, just like the one adopted for ITER [2] . Here, two EFCCs located on the opposite side of the toroidal direction are connected in anti-series to cancel out the induced voltage. With this option, the number of power supplies is reduced to a half of the former case. However, only n=1 mode can be controlled principally by this circuit configuration. For n=3 mode, it is not possible to control the phase angle (see Fig. 3(b) ). In order to produce the n=1, 2, 3 modes at the same time, it is possible to introduce a star connection of the EFCC as shown in Fig. 4 . In this circuit configuration, six EFCCs aligned in the toroidal direction are connected in parallel, allowing the canceling out the induced voltage mainly produced by the FPPCC as well as in the former case.
Compared to the individual power supply configuration in Fig. 2 , the required capacity of the power supply has reduced to about half. However, n=1, 2, 3 modes could be controlled simultaneously except for the phase angle of n=3 mode. It is also stressed that the number of current feeders connecting power supply and coils are reduced to half. Since the penetration to torus hall is usually limited for radiation shielding, this is also one of its important engineering merits. However, paying attention to the circuit configuration, it is possible to notice that the total utilization of the converters is still poor because either converter current is zero or small. This means that the expected utilization shall be less than 50% of the total installed power.
Multi-phase inverter
A remarkable progress of power electronics technology has been achieved worldwide for several decades. As a result, the commercial price of a semi-conductor power device has been dramatically reduced. This means that the percentage of transformer cost increased significantly in comparison to that of converter. It suggests adopting an IGBT inverter instead of a conventional thyristor converter to minimize the total cost. Fig. 5 shows an example of the schematic of a six phase (multi-phase) inverter. The AC filters and transducers for data acquisition and control system are neglected here for simplicity. In this circuit configuration, the rationalization of the converter transformer is easily achieved up to a half in comparison to the case of Fig. 4 . Furthermore, it is possible to exclude extremely exceptional operation conditions, e.g. all EFCC simultaneously supplied by the maximum current of 860 A. Only the n=1 mode with the maximum amplitude was assumed as a realistic operational condition, and the required transformer capacity was defined to two thirds of the extreme case. Then, ultimate transformer capacity of the multi-phase inverter option shall be nearly one third of Fig. 4 . In addition, it must be noted that the inter-phase inductor for circulating current control can be completely removed, and it is possible to avoid the complicated current reversing procedure required by thyristor converters. If we consider an individual inverter as shown in Fig. 6 , the induced voltage shall be taken into account again. Then, total installed capacity of transformer and AC/DC converter would be increased up to ∼3 times that of the multi-phase inverter type of Fig. 5 . It must also be stressed that in this case the total number of inverter arms would be doubled. 
Control method
In principle, a conventional Pulse Width Modulation (PWM) method can be applied to the multi-phase inverter, because each EFCC current can be controlled by the duty ratio control of each arm. Major difference in the current control system from a conventional 3-phase inverter is the degree of freedom. From Kirchhoff's Current Law, there are 5 degrees of freedom in controlling the 6-phase inverter for EFCC PS, though 6 legs are available. The redundant one could be utilized to keep the output voltage within the operational limit. In any case, the current feedback control system of the multi-phase inverter can be developed easily based on the conventional system.
The expected feedback control block diagram is shown in Fig. 7 . Here, the variety of magnetic sensor signals is considered as an input to obtain the current reference of each EFCC. In the feedback control, the zero phase (n=0) component will be removed based on the above discussion. The observed compensation coil current at the ion neutralizer in NBI system might be taken into account. Switching pulse for each IGBT or similar semiconductor power device will be generated in the PWM controller by comparing the observed EFCC currents with the references. In Tokamak devices, all poloidal field coils are principally designed not to produce non-axisymmetric components of the magnetic field, but low order components of error field often appear due to coil manufacture errors, misalignments of the settings, and current feeders. In this sense, the RWM control coils of JT-60SA are an exception because they are inherently designed to produce such a low order non-axisymmetric magnetic field. The RWM coils will be installed on the plasma side of the stabilizing plates so as to surround the port holes in the vacuum vessel to minimize the shielding effect of magnetic field penetration. The mutual coupling between RWM coils and EFCC will be quantified and a suitable countermeasure will be taken in the case of not negligible interference, such as the insertion of an external inductor in series to the EFCC for suppressing the induced current.
b. Application to a large number of phase inverter A cyclic symmetry of the EFCC is not always guaranteed due to the presence of special ports in the vacuum vessel. Then, increasing the number of EFCC (sector coils) in the toroidal direction will be one of the design choices. If all sector coils cannot be installed in cyclic symmetry, it will be possible to adjust the turn number and current rating of each sector coil according to the cross section, in order to keep the difference of induced voltage within an acceptable level for all of the EFCC. This type of EFCC design may lead to imbalances on the required current ratings for each EFCC and the related inverter arms. However, it would be accepted because the restriction of available space in the tokamak machine is more critical than standardization of the power supply system.
Conclusion
The conceptual design study for the EFCC PS was carried out from a view point of required performance and the expected cost. In conclusion, the combination of star point connection for the EFCC and a multiphase inverter was selected as the best solution. The merits of this circuit configuration are magnetic decoupling between the EFCC and poloidal field coils, and minimization of the installed power. Detailed design of EFCC PS including a development of PWM controller will be conducted in the near future.
